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Results of numerous experiments indicate that the transient rise in intracellular Ca2/ following sperm±egg fusion is
essential for the subsequent events that constitute egg activation. Some events of egg activation, e.g., cortical granule
exocytosis, however, appear more sensitive to intracellular Ca2/ than other events, e.g., cell cycle resumption. To examine
if speci®c events of egg activation have different thresholds for Ca2/, we manipulated buffered intracellular Ca2/ concentra-
tions by microinjecting Ca2/-BAPTA buffers and then examined the effect on the cortical granule exocytosis, recruitment
of maternal mRNAs, and cell cycle resumption. We ®nd that whereas cortical granule exocytosis occurs over a narrow
threshold range of injected free Ca2/ concentrations between 0.5 and 1.0 mM, recruitment of maternal mRNAs is only
partially stimulated at injected free Ca2/ concentrations of 2.5 mM, and no evidence for cell cycle resumption was observed
(up to 2.5 mM Ca2/). Although the Ca2/- and phospholipid-dependent protein kinase, protein kinase C, is implicated in
aspects of egg activation, calmodulin is also a potential target for the transient increase in Ca2/ that occurs following
fertilization. Whereas incubation of eggs in the presence of the calmodulin antagonist W-7 followed by insemination does
not block cortical granule exocytosis, cell cycle resumption, as assessed by the metaphase-to-anaphase transition, a decrease
in histone H1 kinase activity and the time course for the emission of the second polar body are signi®cantly delayed/
inhibited. q 1996 Academic Press, Inc.
INTRODUCTION man, 1982) and posttranslational modi®cations of proteins
(van Blerkom, 1981; Endo et al., 1986; Howlett, 1986), pro-
Fertilization of mouse eggs initiates a series of responses nucleus (PN) formation and initiation of DNA synthesis,
in the egg that are temporally classi®ed as ``early'' and and cleavage.
``late'' events of egg activation (Schultz and Kopf, 1995). The transient increase in intracellular Ca2/ is critical for
Early events include a transient increase in intracellular egg activation in a variety of species (Cuthbertson et al.,
Ca2/ that leads to cortical granule (CG) exocytosis. The 1981; Cuthbertson and Cobbold, 1985; Kline and Kline,
contents released from the CGs modify the zona pellucida 1992; Tombes et al., 1992; Sun et al., 1992). For example,
(ZP) and result in a block to polyspermy. One of the modi®- arti®cially increasing the intracellular Ca2/ concentration
cations of the ZP following fertilization is the limited prote- of mouse eggs by agents such as calcium ionophore A23187
olysis of the ZP glycoprotein, ZP2 (Mr  120,000), to a form or ethanol (Cuthbertson, 1983; Ducibella et al., 1988; Kline
called ZP2f (Mr  90,000). ZP3 is also modi®ed such that it and Kline, 1992) elicits both early and late events of egg
can no longer bind acrosome-intact sperm and induce the activation. In contrast, decreasing intracellular Ca2/ con-
acrosome reaction (Wassarman, 1990). Late events of egg centrations by incubation of mouse eggs in the membrane-
activation include the emission of the second polar body permeable calcium chelator BAPTA-AM prevents the fertil-
ization- or ionophore-induced Ca2/ transient, CG exo-(PB), recruitment of maternal mRNAs (Cascio and Wassar-
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cytosis, and emission of the second PB (Kline and Kline, conversion is observed with 1 mM free Ca2/. Injected free
Ca2/ concentrations of 2.5 mM only induced partial changes1992). Finally, inhibition of IP3 receptor function by the
microinjection of functionally blocking monoclonal anti- in the patterns of protein synthesis that are attributed to
recruitment of maternal mRNAs. A decrease in H1 kinasebodies to the IP3 receptor blocks all aspects of sperm-in-
duced egg activation (Xu et al., 1994). activity (indicative of p34cdc2 kinase activity), emission of
the second PB and PN formation, however, are not observedResults of several studies suggest that early events of egg
activation are more sensitive to experimental manipulation at any of the Ca2/ concentrations tested (up to 2.5 mM in-
jected free Ca2/). In contrast, treatment of eggs with W-7,than late events. For example, microinjection of eggs ob-
tained from CF-1 mice with IP3, which mediates Ca2/ re- a CaM antagonist, delays the fertilization-associated de-
crease of H1 kinase activity and the emission of the secondlease from intracellular stores via IP3 receptors, induces CG
exocytosis and ZP modi®cations but does not result in the PB, but does not block CG exocytosis.
recruitment of maternal mRNAs or the resumption of the
cell cycle (Ducibella et al., 1993; Kurasawa et al., 1989).
Likewise, treatment of eggs obtained from CF-1 mice with MATERIALS AND METHODSbiologically active phorbol diesters, which activates the
Ca2/-, phospholipid-dependent protein kinase, protein ki-
Collection of gametes. Sperm were collected from 12- to 24-nase C (PKC), results in CG exocytosis (Ducibella et al.,
week-old (C57BL/6J 1 SJL/J) F1 males (Jackson Laboratories) as pre-1993) and ZP modi®cations but does not induce late events
viously described (Moore et al., 1993). Metaphase-II arrested eggsof egg activation (Endo et al., 1987). In addition, higher con-
were collected from superovulated CF-1 females (Harlan) 14 ±15 hrcentrations of BAPTA-AM are required to inhibit CG exo-
post-hCG as previously described (Endo et al., 1987; Moore et al.,cytosis than to inhibit emission of the second PB (Kline and
1993) with the following modi®cations: cumulus cell-enclosed eggs
Kline, 1992). Taken together, these results suggest that CG were collected in Waymouth medium (Gibco-BRL) supplemented
exocytosis may require a lower Ca2/ threshold than events with 5 mM NaHCO3 , 20 mM Hepes, pH 7.4 (Way/Hepes), and 10%
regulating later events of egg activation. fetal calf serum (FCS). Cumulus cells were removed with 0.05%
Although an increase in intracellular Ca2/ is requisite for hyaluronidase in Way/Hepes. Eggs were stored in Waymouth me-
dium supplemented with 26.7 mM NaHCO3 and 10% FCS undersuccessful mouse egg activation, the down-stream target(s)
paraf®n oil at 377C in humidi®ed air with 5% CO2 prior to thefor Ca2/ is still unknown. PKC could be a target, since treat-
experimental treatments. ZP-free eggs were obtained by removingment of mouse eggs with phorbol 12-myristate 13-acetate,
ZP with acidic MEM-compatible buffer (MEMCO) as previouslyan activator of PKC, results in CG exocytosis (Endo et al.,
described (Evans et al., 1995).1987), and depending on the strain of mouse used, may
Microinjection of mouse eggs. Eggs were washed in 4 drops ofresult in the resumption of the cell cycle (Moore et al.,
Way/Hepes medium supplemented with 4 mg/ml of BSA to remove
1995). Other potential targets for Ca2/ in egg activation are FCS and kept in the same medium during microinjection. Approxi-
calmodulin (CaM) and the Ca2//CaM-dependent protein ki- mately 10 pliters (1/20 volume of an egg) of the appropriate solu-
nase II (CaMKII). In Xenopus laevis, addition of a constitu- tion was microinjected as previously described (Kurasawa et al.,
tively active form of CaMKII to metaphase II-arrested egg 1989). The injected eggs were incubated in CZB medium (Chatot
et al., 1989) at 377C in humidi®ed air with 5% CO2 for variousextracts, or microinjection of this protein into metaphase
periods of time prior to processing for the appropriate endpoints ofII-arrested eggs, results in the destruction of cyclin and thus
egg activation.the inactivation of p34cdc2 kinase activity (Lorca et al., 1993).
The reproducibility of the injection volume has an inherent errorMoreover, the activity of CaMKII in mouse eggs has been
of15%, as determined by the following method. A group of meta-reported to increase transiently following ethanol stimula-
phase II-arrested eggs were microinjected with 10 pliters of a solu-tion (Winston and Maro, 1995).
tion containing a speci®c number of cpm of [a32P]ATP (3000 Ci/
In this paper, we ®rst tested the hypothesis that the late mmol). Immediately after injection, the eggs were washed and sub-
events of mouse egg activation (e.g., cell cycle resumption jected to liquid scintillation counting to determine the variability
and maternal mRNA recruitment) are triggered by a higher of cpm remaining in the eggs.
Ca2/ threshold than early events (e.g., ZP2 modi®cation). Ca2/-BAPTA buffers with a range of free Ca2/ were prepared
based on [Ca2/]free  Kd [Ca2/-BAPTA]/[BAPTA] (Kline and Kline,This was done by microinjection of mouse eggs with in-
1994). Ca2/-BAPTA stock buffers were made by mixing 1 vol of 0.4creasing concentrations of BAPTA-buffered Ca2/ (Ca2/-
M cell-impermeant BAPTA (Molecular Probes) with 1/10 vol ofBAPTA) solutions and then monitoring both early and late
0.33 M to 3.96 M CaCl2, resulting in Ca2/-BAPTA:BAPTA ratiosendpoints of egg activation following incubation in the ab-
of 1:10 to 10:10. The approximate Kd for BAPTA was taken as 0.25sence of sperm. Second, we examined the involvement of
mM for low ionic strength at 367C (Harrison and Bers, 1987), givingcalmodulin (CaM) in sperm-induced egg activation by the
rise to free Ca2/ concentrations of the injectant solution that ranged
application of the CaM antagonist W-7 to mouse eggs both from 0.025 mM to 2.5 mM; the ®nal concentration of the total in-
before and 20 min following insemination, followed by jected BAPTA in the eggs was 1.8 mM. These stocks were diluted
monitoring the aforementioned early and late events of egg 1:10 with Milli Q water before use.
activation. We ®nd that whereas microinjection of 0.5 mM Quanti®cation of ZP2 to ZP2f conversion. ZP were isolated as
previously described (Kurasawa et al., 1989) and the conversion offree Ca2/ does not induce a ZP2 to ZP2f conversion, such a
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ZP2 to ZP2f in individual ZP was quanti®ed by a biotinylation-
enhanced chemiluminescence assay (Moos et al., 1994).
Histone H1 kinase assay. p34cdc2 kinase activity was assessed
by monitoring its protein kinase activity toward histone H1. His-
tone H1 kinase activity in single eggs was assayed as previously
described (Xu et al., 1994); the amount of product formed is linear
with time under these assay conditions (Moos et al., 1995). Follow-
ing quanti®cation of the autoradiograms, the value of the H1 kinase
activity for uninjected eggs was arbitrarily set as 100% and the
amount of activity present in the eggs following the various treat-
ments was expressed relative to this amount.
In vitro fertilization and sperm fusion assays. In vitro fertil-
ization (IVF) of ZP-intact eggs was performed as previously de-
scribed (Moore et al., 1993). IVF of ZP-free eggs was performed
with the following modi®cations: 10 eggs were added to a 10-ml
droplet of Whitten's medium containing BSA (15 mg/ml) and
FIG. 1. Effect of microinjected Ca2/-BAPTA buffers on the ZP2
sperm (2.5 1 104/ml). Sperm±egg fusion was monitored using
to ZP2f conversion of uninseminated mouse eggs. Eggs were mi-the Hoechst dye transfer assay as previously described (Evans et croinjected with Ca2/-BAPTA buffers containing the indicated con-
al., 1995). centrations of free Ca2/, cultured for 10 hr, and the extent of ZP2
[35S]Methionine radiolabeling of eggs and two-dimensional to ZP2f conversion quanti®ed as described under Materials andgel electrophoresis. Eggs were transferred to CZB medium con- Methods. UE, uninjected egg; H2O, H2O-injected egg. The concen-taining 1 mCi/ml of [35S]methionine (sp act 1500 Ci/mmol, tration of free intracellular Ca2/ is indicated on the x-axis. The
Amersham) 4 hr after microinjection or after IVF as previously experiment was performed 4 times and similar results were ob-
described (Poueymirou and Schultz, 1989). Radiolabeling was tained in each case. The data were pooled and are expressed as the
then carried out for 6 hr after which the eggs were washed percentage of ZP2 conversion (mean { SEM). The number of eggs
through several drops of bicarbonate-free minimal essential me- analyzed for each treatment group was about 15.
dium containing 3 mg/ml PVP (Moore et al., 1993). At this time,
the PN formed in a majority of the inseminated eggs. The eggs
(about 20 for each group) were transferred to a lysis buffer con-
taining 9.9 M urea, 4% NP-40, 2.2% ampholytes, pH 3±10 (Milli- cent Ektachrome slide images. Because it was usually similar to a
pore), and 100 mM dithiothreitol. Incorporation of [35S]- prolate spheroid, the volume of the chromatin mass was approxi-
methionine into proteins was determined by trichloroacetic pre- mated by the equation, 4/3 pab2, where a and b equal the long and
cipitation, and equal numbers of trichloroacetic-precipitable short radii, respectively.
counts were subjected to two-dimensional gel electrophoresis
using the Investigator 2-D Electrophoresis System (Millipore) as
previously described (Xu et al., 1994). Radiolabeled proteins were RESULTSdetected by ¯uorography (Bonner and Laskey, 1974) at 0807C
using Kodak X-AR X-ray ®lm.
Effect of Ca2/-BAPTA Buffers on ZP2 to ZP2fStaining and quanti®cation of egg cortical granules. Eggs were
Conversion and Cell Cycle Resumption®xed and stained with Lens culinaris agglutinin (LCA) coupled to
biotin (Polysciences, Warrington, PA) and then visualized with To ascertain whether different Ca2/ thresholds exist for
Texas Red strepavidin (GIBCO BRL, Gaithersburg, MD) according
the ZP2 to ZP2f conversion (which is a consequence of CGto Cherr et al. (1988) as modi®ed by Ducibella et al. (1988). Perio-
exocytosis) and cell cycle resumption (as manifested by adate-treated serum albumin (Glass et al., 1981) was used as a
decrease in histone H1 kinase activity), we microinjectedblocking reagent. The precise stage of meiotic maturation of each
eggs with Ca2/-BAPTA buffers containing different concen-oocyte was determined from its chromatin con®guration by cos-
trations of free Ca2/ in the injectant solution. Eggs weretaining with 10 ±20 mg/ml of both 4,6-diamidino-2-phenyl indole
then cultured for 10 hr following microinjection and exam-(DAPI) and Hoechst 33258 for 10 min after the lectin staining proce-
dure. Eggs were washed and mounted in glycerol:Dulbecco's buf- ined for morphological signs of cell cycle resumption (i.e.,
fered saline (1:1). The CG-free domains normally present over the PN formation). The ZP were then removed from these eggs
meiotic spindles (Ducibella et al., 1988) were not included in the and the ZP2 to ZP2f conversion was assayed. No ZP2 con-
CG density analyses. version was observed following the microinjection of Ca2/-
CGs were visualized by ¯uorescence microscopy and the CG BAPTA buffers containing free Ca2/ concentrations up to
density in the cortex was determined in a 600-mm2 area for each 0.5 mM, whereas an essentially complete ZP2 conversion
egg by computerized image analysis as described previously (Duci-
was observed at 1.0 mM (Fig. 1). Thus, CG exocytosis oc-bella et al., 1993). The data are expressed as the mean CG density
curred over a very narrow range of injected free Ca2/ concen-for each group. The CG densities and chromatin volumes (below)
trations, a concentration that is normally attained duringwere evaluated statistically by the Student's unpaired t test.
the ®rst Ca2/ transient following fertilization (Schultz andQuanti®cation of sperm chromatin decondensation. The ex-
Kopf, 1995 and references therein). In contrast, eggs mi-tent of chromatin decondensation was indicated by the volume of
the DAPI- and Hoechst-stained sperm head chromatin in ¯uores- croinjected with Ca2/-BAPTA buffers containing free Ca2/
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resumption could also be due to toxic effects. This possibil-
ity was excluded by following experiment. Eggs (19) were
microinjected with Ca2/-BAPTA buffer with a ®nal free
Ca2/ concentration of 2.5 mM. The ZP was removed and
the ZP-free eggs were then inseminated; ZP-free eggs were
inseminated since the injection of the Ca2/-BAPTA buffers
would result in a ZP block to polyspermy. Results of these
experiments demonstrated that 15 of these eggs were fertil-
ized, since the second PB was emitted and PN formed
within 10 hr postinsemination.
Effect of Ca2/-BAPTA Buffers on the Fertilization-
Associated Changes in Protein Synthesis
Fertilization results in the recruitment of maternal mRNAs
as well as posttranslational protein modi®cations. TheseFIG. 2. Effect of microinjected Ca2/-BAPTA buffers on histone
changes give rise to a host of fertilization-associated changesH1 kinase activity in uninseminated mouse eggs. Eggs were mi-
in the pattern of protein synthesis. To determine if an increasecroinjected with Ca2/-BAPTA buffers containing the indicated con-
in intracellular Ca2/ is suf®cient to induce these changes, wecentrations of free Ca2/, and histone H1 kinase activity was assayed
compared the protein synthetic pro®les of unfertilized and3 hr following injection as described under Materials and Methods.
The experiment was performed 4 times and data (the mean{ SEM) fertilized eggs to those of eggs microinjected with buffers con-
are expressed as the amount of activity relative to that present in taining 2.5 mM free Ca2/ or H2O (Fig. 3). As previously re-
the unfertilized eggs. For each treatment group a total of at least ported, fertilization gives rise to increases in the synthesis
20 eggs was analyzed. of a number of proteins (see Figs. 3A, 3B, 3D, and 3E for
representative examples). Microinjection of buffers containing
2.5 mM free Ca2/ resulted in some of these fertilization-associ-
ated changes of protein synthesis (compare Figs. 3A±3C), sug-concentrations up to 2.5 mM displayed no PN. In these ex-
periments, 100 unfertilized eggs were injected with Ca2/- gesting that elevating intracellular Ca2/ is suf®cient to induce
fertilization-associated changes in the synthesis of certain pro-BAPTA buffers ranging from 0.025 to 2.5 mM free Ca2/ (at
least 10 eggs were injected at each concentration). These teins. It should be noted, however, that the entire set of fertil-
ization-associated changes in the pattern of protein synthesisexperiments demonstrate that raising the Ca2/ concentra-
tion in unfertilized eggs, under the conditions tested, was was not observed in the Ca2/-BAPTA-injected eggs (compare
Figs. 3D±3F).not suf®cient to stimulate PN formation.
To con®rm that cell cycle resumption did not occur under
these conditions, we determined whether these different
Effect of A23187 on the ZP2 to ZP2f ConversionCa2/ concentrations resulted in the decrease in histone H1
and Cell Cycle Resumptionkinase activity that normally occurs within 30±60 min fol-
lowing fertilization or egg activation (Moos et al., 1995). Results from the experiments described above indicated
that manipulation of intracellular-free Ca2/ concentrationsConsistent with the lack of PN formation was that no de-
crease in histone H1 kinase activity was observed at any of with Ca2/-BAPTA buffers can result in a complete ZP2 con-
version, only partial maternal mRNA recruitment, and nothe Ca2/ concentrations tested (up to 2.5 mM ) when mea-
sured 3 hr following microinjection (Fig. 2). signs of cell cycle resumption. In light of the fact that
A23187, which releases intracellular Ca2/, can fully activateThe inability of Ca2/-BAPTA buffers to induce cell cy-
cle resumption could be due to the destruction of the eggs (Schultz and Kopf, 1995 and references therein), the
inability of Ca2/-BAPTA buffers to induce cell cycle re-metaphase II spindle following microinjection. The rea-
son for this is that in mouse eggs the destruction of cyclin, sumption may seem at a ®rst glance to be surprising. It
should be noted, however, that the ability of A23187 orand thus the inactivation of cdc2 kinase, requires an in-
tact spindle (Kubiak et al., 1993; Winston et al., 1995). other parthenogenetic agents (e.g., ethanol) to initiate cell
cycle resumption is observed only when the eggs are re-To eliminate this possibility, we stained eggs for tubulin
and DNA 3 hr following microinjection of buffers con- trieved and/or treated 16 hr post-hCG (Cuthbertson, 1983),
a time signi®cantly later than when fertilization normallytaining 2.5 mM free Ca2/. Results of these experiments
indicated that microinjection of the Ca2/-BAPTA buffers occurs; the frequency of egg activation following such treat-
ment increases with increasing time. All of the experimentsdid not result in destruction of the spindle and the chro-
mosomes remained aligned on the metaphase plate (data that we performed used eggs collected and/or treated 14±
15 hr post-hCG, a time that more closely approximates thenot shown).
The inability of Ca2/-BAPTA buffers to induce cell cycle time when fertilization normally occurs in situ. To ascer-
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FIG. 3. Regions of ¯uorograms of [35S]methionine-radiolabeled proteins in unfertilized and fertilized eggs and eggs microinjected with
Ca2/-BAPTA buffers. Digitized images of a region of a 2D gel from (A, D) unfertilized eggs, (B, E) fertilized eggs, and (C, F) eggs injected
with Ca2/-BAPTA buffered to 2.5 mM free Ca2/ are shown. (A±C) Arrows point to representative polypeptides whose translation increases
following fertilization (i.e., result from mobilized maternal mRNAs; compare A and B), or Ca2/-BAPTA-buffer injection (compare A±C).
(D±F) the arrow points to representative polypeptides whose translation increases following fertilization (compare D and E), but does not
increase following Ca2/-BAPTA-buffer injection (compare D±F). The experiment was performed 3 times with similar results; shown are
the results of a typical experiment. Low pH is on the left (pH range is between 4 and 5.5) and the molecular weights span the region
between Mr  10,000 ±40,000.
tain whether these eggs responded to A23187 in a similar has been implicated in exit from metaphase II arrest (Lorca et
al., 1993). In order to explore the role of CaM in events offashion as eggs microinjected with Ca2/-BAPTA buffers,
eggs recovered 14±15 hr post-hCG were treated with 5 mM sperm-induced egg activation, we examined the effects of the
CaM antagonist W-7 (Hidaka and Tanaka, 1983).A23187 for 5 min in Ca2/-free medium (Kline and Kline,
1992) and then assayed for either the ZP2 conversion or ZP-free eggs were initially incubated for 1 hr in medium
containing 10 mM W-7 and then washed to remove the W-histone H1 kinase activity (Fig. 4). As with the Ca2/-
BAPTA-injected eggs, eggs collected 14±15 hr post-hCG and 7 prior to insemination, since W-7 inhibits fertilization (Ait-
ken, et al., 1988; Courtot, et al., 1994); ZP-free eggs werethen treated with A23187 underwent the ZP2 conversion,
but did not display a decrease in histone H1 kinase activity. used to insure a high degree of synchronization following
insemination (Moos et al., 1995). The eggs were then incu-The inability of A23187 to induce cell cycle resumption
was not due to toxic effects, since subsequent insemination bated with sperm in the absence of W-7 for 20 min, washed
to remove excess sperm, and then incubated in the presenceof these ZP-free eggs resulted in fertilization as determined
by PN formation. In these experiments, 53 A23187-treated of W-7 for up to 2 hr. To control for the speci®city of W-7,
the same concentration of the less active congener W-5 waseggs were inseminated and 48 formed PN.
used. The eggs were then assayed for CG density, chromo-
some status, sperm head decondensation, histone H1 kinase
Effect of W-7 on Sperm-Induced CG Exocytosis and activity, and time course of emission of the second PB.
Cell Cycle Resumption As shown in Fig. 5A, metaphase II-arrested eggs possess
a CG-free domain that contains the chromosomes, and anCa2/ is clearly implicated in CG exocytosis in mammalian
eggs; nevertheless, the target(s) for Ca2/ in this process is un- opposing CG-rich domain containing a high density of CGs.
Following fertilization, a reduction in the number of CGsknown. Although CaM might represent one such target, its
role in CG exocytosis in mammalian eggs is unclear. CaM, in the CG-rich domain is observed (Fig. 5B) and this is corre-
lated with a reduction in the CG density (Fig. 6). Eggshowever, may serve as a target for cell cycle resumption, since
CaMIIK, a CaM-dependent multifunctional protein kinase, treated with either W-7 or W-5 and then inseminated dis-
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treated eggs it was reduced to a level similar to that observed
in inseminated eggs. This inhibition was transient, how-
ever, since W-7-treated eggs assayed 60 min following in-
semination revealed a decrease to a level similar to that
normally observed following fertilization (Fig. 7). Consis-
tent with this transient inhibition was a transient delay in
the time course of the emission of the second PB (Fig. 8).
This delay was not due to a delay in sperm±egg fusion as
assessed by using a Hoechst dye transfer assay, since similar
numbers of sperm/egg were found fused in the untreated
(1.4 { 0.1), W-5- (1.5 { 0.2), and W-7- (1.3 { 0.1) treated
groups at 30 min following insemination of ZP-free eggs.
FIG. 4. Effect of A23187 on the ZP2 conversion and histone H1
kinase activity of metaphase II-arrested eggs. Eggs obtained 14 ±15 DISCUSSION
hr post-hCG were treated with A23187, and the ZP2 conversion
(closed bars) and histone H1 kinase activity (open bars) were as- In this report the effects of elevating intracellular Ca2/
sayed after 4 hr as described under Materials and Methods. The
by microinjecting Ca2/-BAPTA buffers into metaphase II-amount of histone H1 kinase activity present in the untreated eggs
arrested mouse eggs 14±15 hr post-hCG on speci®c end-was set as 100%. The experiment was conducted two times and
points of egg activation were examined. The results showsimilar results were obtained in each case. The data were pooled
that a complete ZP2 to ZP2f conversion occurs when theand are expressed as the mean { SEM. At least 45 eggs were ana-
free Ca2/ concentration in the injectant solution is raisedlyzed in each group for either the ZP2 conversion or histone H1
kinase activity. from 0.5 mM to 1 mM, a situation similar to that observed
following fertilization (Schultz and Kopf, 1995 and refer-
ences therein), and that a concentration of 2.5 mM Ca2/ in
the injectant solution results in the partial recruitment of
maternal mRNAs that normally occurs following fertiliza-played a reduction in the number of CGs (Figs. 5C and 5D)
similar to that observed following fertilization (compare to tion. Concentrations as high as 2.5 mM free Ca2/ in the
injectant solution, however, did not result in either a de-Fig. 5B). Likewise, the CG density in these treated eggs
was similar to that found following fertilization (Fig. 6). It crease in histone H1 kinase activity or PN formation.
CG exocytosis, as evidenced by the ZP2 conversion, ex-should be noted, however, that the CG density was reduced
in eggs treated with W-7 and not inseminated, as compared hibits essentially an all-or-none response within a very nar-
row but physiological range of free intracellular Ca2/. Theto untreated and uninseminated eggs (Fig. 6). This was not
unexpected, since W-7 is known to inhibit the Ca2/-ATPase free Ca2/ concentration of the microinjected Ca2/-BAPTA
buffers calculated in these studies, however, is probably anpump that is responsible for maintaining low cytosolic Ca2/
concentrations (Conigrave et al., 1981). overestimate, since when free intracellular Ca2/ has been
determined in Ca2/-BAPTA-injected mouse eggs, a lowerExamination of Fig. 4 reveals that in contrast to un-
treated (Fig. 5B) or W-5-treated (Fig. 5D) and inseminated concentration was measured (Kline and Kline, 1994); it
should be noted that we used the same equation to calculateeggs, eggs treated with W-7 (Fig. 5C) did not display a
metaphase-to-anaphase transition. The effect of these the free intracellular Ca2/ concentration as these investiga-
tors. This suggests that the egg cytoplasm possesses potenttreatments on sperm head decondensation was also exam-
ined. The sperm head volume (pliters) in the control, W- Ca2/-buffering capacity, and consistent with this is the ob-
servation that the elevated intracellular free Ca2/ concen-5, and W-7-treated eggs was 1.78 { 0.07, 1.95 { 0.25, 1.53
{ 0.18, respectively. Although there was the suggestion tration in Ca2/-BAPTA-injected eggs (®nal calculated con-
centration of 0.25 mM ) returns to basal levels within 5 minthat W-7 inhibited sperm head decondensation, none of
the differences were signi®cant (P 0.05, unpaired t test). (Kline and Kline, 1994). The all-or-none conversion of ZP2
in response to a narrow range of injected free Ca2/ suggestsThese results suggested that although CG exocytosis was
CaM-independent, some aspects of cell cycle resumption that there is a threshold of Ca2/ that, once reached, results
in a very ef®cient and complete ZP block to polyspermy.were CaM-dependent.
The presence of condensed chromosomes aligned on a The inability of Ca2/-BAPTA buffers to initiate events
leading to cell cycle resumption in eggs injected 14±15 hrmetaphase plate in the W-7-treated and inseminated eggs
suggested that these eggs possessed elevated levels of his- post-hCG could, in principle, be due to the requirement for
the release of Ca2/ from intracellular stores rather than atone H1 kinase activity similar to that found in metaphase
II-arrested eggs. As shown in Fig. 7, when assayed 30 min direct elevation of intracellular Ca2/ independent of release
from these stores. This cannot be the case, however, sincefollowing insemination histone H1 kinase activity re-
mained elevated in W-7-treated eggs, whereas in W-5- treatment of eggs 14±15 hr post-hCG with A23187 also
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FIG. 5. Effect of W-7 on cortical granule exocytosis and cell cycle resumption. Eggs were treated with 10 mM W-7 (or W-5) and inseminated
as described under Materials and Methods. The samples were then processed for staining of the cortical granules (red) and DNA (blue) 1
hr following insemination. (A) Unfertilized egg, (B) inseminated egg, (C) W-7-treated and inseminated egg, (D) W-5-treated and inseminated
egg. The large arrow points to the incorporated sperm head, whereas the small arrows point to supernumerary sperm located on the
surface of the egg. Hoechst-staining material not delineated by the arrows are chromosomes. Twenty ®ve eggs were examined for each
group and shown are representative examples. The bar corresponds to 10 mm.
does not induce cell cycle resumption. Similar to the Ca2/- (Kline and Kline, 1992). It is also unlikely that this inability
is due to an intrinsic de®ciency in the egg, since eggs areBAPTA experiments, A23187 treatment of these eggs also
results in the ZP2 conversion. Thus, both Ca2/-BAPTA buff- normally fertilized within this time frame following the
gonadotrophin surge. A striking difference between eggsers and A23187 induce a similar set of responses in these
eggs. The inability of Ca2/-BAPTA microinjection to induce treated with Ca2/-BAPTA buffers or A23187 versus fertil-
ized eggs is that whereas Ca2/-BAPTA buffer/A23187-cell cycle resumption is not unexpected, since the frequency
of A23187/ethanol-induced activation of cell cycle events treated eggs display a single Ca2/ transient, fertilized eggs
display an initial Ca2/ transient that is followed by a seriesin eggs is very low prior to 16 hr post-hCG and then progres-
sively increases with the age of the egg (Cuthbertson, 1983, of Ca2/ oscillations (Kline and Kline, 1992, 1994; Schultz
and Kopf, 1995). A target for such Ca2/ oscillations may beWinston and Maro, 1995).
The inability of either Ca2/-BAPTA buffers or A23187 the regulation of histone H1 kinase activity (Collas et al.,
1995). These oscillations could be initiated by one or moreto activate cell cycle events in eggs 14±15 hr post-hCG is
unlikely due to differences in the magnitude and/or dura- different mechanisms. First, there are data consistent with
a receptor±effector mechanism for egg activation that couldtion of the elevated intracellular-free Ca2/, since these
agents mimic closely the magnitude and duration of the ultimately result in Ca2/ oscillations (Schultz and Kopf,
1995; Myles, 1993). For example, local IP3 generation ininitial Ca2/ transient that occurs following fertilization
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more, these results emphasize the need to use eggs at a
time when they normally would be fertilized for studies
of the mechanisms of egg activation. Last, differences in
the age of the eggs used may account for differences in
the response of the eggs to a variety of pharmacological
agents (e.g., biologically active phorbol diesters (Moore et
al., 1995; Moses and Kline, 1995)).
In this report we also demonstrate that the CaM antago-
nist W-7, but not the less active W-5 congener, inhibits
cell cycle resumption as evidenced by the metaphase-to-
anaphase transition, the decline in histone H1 kinase activ-
ity, and the time course for the emission of the second
PB following insemination. The inhibition of each of these
FIG. 6. Quanti®cation of the cortical granule density of meta- events, however, is transient. In contrast, W-7 does not
phase II-arrested eggs treated with calmodulin antagonists. The block CG exocytosis.
cortical granule density was quanti®ed for the experiment shown Although CaM is implicated in regulated CG exocytosis
in Fig. 4 as described under Materials and Methods. UF, unfertilized in sea urchin eggs (Steinhart and Alderton, 1982), as well
egg; FE, fertilized egg; W-5, W-5-treated eggs; W-5/FE, W-5-treated
as in regulated exocytosis in a number of other systemsand fertilized eggs; W-7, W-7-treated eggs; W-7/FE, W-7-treated and
(SuÈ dhof, 1995; TrifaroÂ et al., 1992), W-7 does not inhibitfertilized eggs. The difference between UF and W-7 is signi®cant
sperm-induced CG exocytosis when compared to untreated(P  0.001, t test).
or W-5-treated and inseminated eggs. It is important to note
that W-7 treatment alone (no insemination) results in a
signi®cant decrease in CG density, when compared to un-
treated and uninseminated eggs. Thus, when the data areresponse to the activation of a G protein-coupled receptor±
effector pathway could result in the initial Ca2/ transient, normalized with respect to the appropriate control (e.g., CG
as well as the subsequent Ca2/ oscillations (Miyazaki et al.,
1993). Second, a soluble sperm-derived factor may sensitize
the Ca2/ release mechanism such that both the initial Ca2/
transient and subsequent Ca2/ oscillations occur (Swann,
1990). In fact, it has recently been reported that a soluble
sperm-derived molecule, termed oscillin, has the ability to
induce Ca2/ oscillations following microinjection into
mouse eggs (Parrington et al., 1996). It should be empha-
sized that these two mechanisms are not mutually exclu-
sive and could function synergistically.
In contrast to the inability of A23187 to activate cell
cycle events in eggs 14±15 hr post-hCG, treatment of eggs
obtained at later time points following hCG administration
with A23187 results in cell cycle resumption (McConnell
et al., 1995). This ability of A23187 to activate ``aged'' eggs
may be related to the fact that these eggs are more prone
to undergo spontaneous activation. Moreover, the microin- FIG. 7. Effect of W-7 on histone H1 kinase activity following
jection of Ca2/ into eggs collected 20 hr post-hCG results insemination of metaphase II-arrested eggs. Unfertilized egg (UF),
in 43% of the eggs displaying a PN, whereas only 16% of fertilized eggs (FE), and eggs treated with either 10 mM W-5 or W-
the eggs microinjected 13 hr post-hCG developed a PN (Ful- 7 and inseminated were collected 30 min (open bars) and 60 min
(solid bars) after insemination. The amount of H1 kinase activityton and Whittingham, 1978). In that study, it should be
present in the individual eggs was assayed as described under Mate-noted that prior to injection the eggs were cultured and
rials and Methods. The experiment was performed 3 times and datamanipulated for 1.0±1.5 hr. The molecular basis behind this
(mean { SEM) are expressed as the amount relative to that presentage-related susceptibility to parthenogenetic activation is
in unfertilized eggs. For each experiment, at least 20 eggs wereunknown.
analyzed in each treatment group. At 30 min, the difference be-Based on the aforementioned discussion, caution
tween the unfertilized and W-7-treated groups is not signi®cant
should be exercised in interpreting results of experiments (P  0.05, Student's t test), whereas the difference between the
in which aged eggs are used to assess events of egg activa- unfertilized and fertilized and W-5-treated eggs is signi®cant (P 
tion, since similarly treated eggs recovered 13± 15 hr post- 0.0001, Student's t test). At 60 min, the difference between the
hCG, a time during which fertilization is normally ob- unfertilized eggs and that of fertilized eggs, W-5-, or W-7-treated
eggs is signi®cant (P  0.0001, Student's t test).served, do not display the same set of responses. Further-
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made after 60 min. In the experiments reported here, the
number of CGs was quanti®ed 60 min following insemina-
tion, and therefore a transient delay in CG exocytosis in-
duced by W-7 may not be observed. Alternatively, sperm-
induced CG exocytosis may be a CaM-independent process.
The inhibitory effects of W-7 on sperm-induced cell cycle
events implies a key regulatory role for CaM in cell cycle
resumption. This inhibition is transient, however, and is
not due to an effect of W-7 on sperm±egg fusion. An expla-
nation for the transient inhibition versus a total block is
that the inhibition of the CaM-dependent step(s) by W-7
may not be complete. Such an incomplete inhibition could
be attributed to the fact that the IC50 of W-7 is30 mM and
that W-7 could only be used at a limited range of concentra-
tions (15 mM ) due to toxic effects.FIG. 8. Effect of the calmodulin antagonist, W-7, on emission of
One potential target for CaM that is implicated in cellthe second PB in inseminated eggs. Untreated eggs (l) and eggs
cycle resumption is the CaMKII. In Xenopus laevis eggs,treated with either 10 mM W-5 (h) or 10 mM W-7 (j) were insemi-
CaMKII is responsible for the ubiquitin-dependent destruc-nated as described under Results and the emission of second PB
was determined at the indicated time points. The experiment was tion of cyclin and thus the release of eggs from metaphase
performed 8 times and similar results were obtained. The data were II arrest (Lorca et al., 1993). If mouse eggs use the same
pooled after standardization of the percentage of fertilization and mechanism to resume meiosis, we would predict that the
are expressed as the percentage of PB emission (mean { SEM). treatment of mouse eggs with W-7 would block the resump-
tion of the cell cycle, which is in fact the case. It should be
noted, however, that destruction of cyclin in mouse eggs
requires an intact spindle (Winston et al., 1995; Kubiak etdensity in W-7 versus W-7/FE; see Fig. 6), one could argue
that W-7 partially inhibits CG exocytosis. We do not be- al., 1993), whereas in Xenopus laevis eggs an intact spindle
is not required (Clute and Masui, 1995). Thus, there maylieve, however, that such a normalization is valid since W-
7 treatment by itself reduces the CG density and thus the be differences in the role for CaMKII in sperm-induced cell
cycle resumption in these species. Current experiments areinitial baseline for making this comparison.
It is still possible that sperm-induced CG exocytosis may focused on assessing the role of CaMKII in sperm-induced
cell cycle resumption, as well as determining the down-be a CaM-dependent process, but several explanations could
account for the lack of inhibition by W-7. First, as discussed stream targets for this enzyme.
in the Introduction, CG exocytosis is more sensitive to ex-
perimental manipulation than events associated with cell
cycle resumption and, therefore, sperm-induced CG exo- ACKNOWLEDGMENT
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